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Abstract:  
Tissue-resident immune cells are important for organ homeostasis and defense. The epithelium may 
contribute to these functions directly, or via crosstalk with immune cells. We used single cell RNA 
sequencing to resolve the spatio-temporal immune topology of the human kidney. We reveal 
anatomically-defined expression patterns of immune genes within the epithelial compartment, with anti-5 
microbial peptide transcripts evident in pelvic epithelium in the mature, but not fetal kidney. A network of 
tissue-resident myeloid and lymphoid immune cells was evident in both fetal and mature kidney, with 
post-natal acquisition of transcriptional programs that promote infection-defense capabilities. Epithelial-
immune crosstalk orchestrated localization of anti-bacterial macrophages and neutrophils to the regions 
of the kidney most susceptible to infection. Overall, our study provides a global overview of how the 10 
immune landscape of the human kidney is zonated to counter the dominant immunological challenge. 
 
One Sentence Summary:  
Single cell RNA sequencing defines the immune landscape of the human kidney  
 15 
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Main text:  
The kidneys play a vital role in organism homeostasis but can be affected by a number of prevalent and 
life-limiting conditions where recognition and response to pathogen and danger signals is critical (1).  
These responses are mediated by a network of immune cells (1) but our understanding of human kidney-
resident immune cells and their cell signaling circuitry is limited. Anatomically, each kidney is comprised 5 
of the cortex containing glomeruli (where filtrate is generated), and medulla where urine is concentrated 
(Fig. 1A). The functional subunit of the kidney is the nephron, made up of a glomerulus, proximal tubule 
(PT) (where filtered electrolytes are reabsorbed), loop of Henle (LOH) (that generates the intrarenal 
sodium gradient required for urine concentration) and collecting ducts (CD) that coalesce in the kidney 
pelvis. Urine subsequently flows into the ureter and on to the bladder (2) (Fig. 1A). The principal 10 
infectious challenge arises from bacteria ascending the ureter into the kidney pelvis, and we have 
previously shown that the hypersaline environment within the medulla may promote anti-microbial 
responses (3). 
Here, we used droplet encapsulation high throughput single cell RNA sequencing (scRNAseq) (10x 
Genomics platform) and flow and mass cytometry to define the global immune landscape of the human 15 
kidney. We studied single cell suspensions from 14 mature human kidneys and 6 fetal kidneys (Table S1, 
S2, and Fig. S1). We captured 114,113 droplets from mature kidneys, yielding 40,268 cells following 
rigorous quality control, as described previously (4, 5) (Fig. S2A). We loaded 739 highly variable genes 
into a principal component analysis and identified clusters that were manually curated into four major 
cellular compartments based on canonical marker expression; endothelial, immune, 20 
fibroblast/myofibroblast, and epithelium (Figs. 1B, S3A-F).  
Within the endothelial cell clusters, glomerular endothelial cells (GE), vasa recta (VR), and peritubular 
capillaries (PCap) were identified (Figs. 1B, S3E-F). Nephron epithelial cells were evident, including 
podocytes (Podo), PT, LOH, connecting nephron tubule (CNT), intercalated cells (IC) and principal cells 
(PC) of the collecting duct, as well as pelvic epithelium (PE) (Fig. 1B). Immune cell populations included 25 
mononuclear phagocytes (MNPs), B cells, T cells and NK cells (Fig. 1B), and their presence confirmed by 
mass cytometry in n=3 additional adult kidney samples (Fig. S4) that were flushed to minimise 
intravascular contamination. 
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To explore the spatial distribution of these cells across the kidney, we sought to assign a depth-estimate 
of the sample from which the cells originated, termed ‘Pseudodepth’ (Fig. S5, Table S3, Supp. 
methods). We observed enrichment of GE, Podo and PT cells in samples predicted to be cortical/cortico-
medullary in pseudodepth, whilst PE and transitional epithelium were limited to medulla/pelvic 5 
pseudodepth (Fig. 1C), as predicted by their known arrangement. This analysis revealed an asymmetrical 
distribution of immune cells, with B cells almost exclusively located in cortical samples, whilst MNPs were 
enriched in deeper samples (Figs. 1C-D, S4G, S5D).  
 
We next analysed single cell transcriptomes from fetal kidneys obtained at 7-16 post-conception weeks 10 
(PCW). Based on the analyses of 33,865 droplets, yielding 27,203 annotated cells after rigorous quality 
control (Fig. S1A and S2B), we identified immune, endothelial, developing nephron epithelium and 
stromal cell clusters based on canonical marker expression and informed by previous transcriptional 
analyses of fetal kidney (6, 7) (Figs. 1E, S6, S7, Table S10). Cells from various developmental stages of 
nephrogenesis (8) (Fig. 1F) were evident in our single cell data (Fig. 1E, G-H), with cap mesenchyme 15 
(CM) dominating at 7-8 PCW (Fig. 1G-H). From 9 PCW, podocytes were more evident, and by 12 weeks, 
cells from across nephrogenesis were present, including PT, LOH, CD and PE (Fig. 1E, G-H).   
 
Much of the knowledge about the developing immune system in the human fetus is inferred from murine 
studies. Fetal kidneys at the gestational age captured in our study (7-16 PCW), would be expected to 20 
contain macrophages with potentially three developmental origins; yolk sac progenitors, aorta-gonad-
mesonephros (AGM) hematopoetic stem cells (HSCs) and fetal liver HSCs (9, 10). The extent to which 
other myeloid and lymphoid cells populate the human fetal kidney is unclear. In our fetal kidney dataset 
(representing 7-16 PCW), several immune cell clusters were evident (Fig. 1E).  Macrophages and some 
dendritic cells (DCs) were present at the earliest developmental stage (Fig. 1H).  Monocytes, T cells and 25 
NK cells appeared from 9 PCW, whilst B cells were present at later developmental stages from 12 PCW 
(Fig. 1H). These data demonstrate that immune cell subsets exhibit different temporal patterns of 
localization to the human fetal kidney. 
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Terminally differentiated fetal nephron epithelial cells (Fig. S7) showed transcriptional similarity to their 
mature counterparts (Figs. S8-9), particularly in proximal nephron components, whilst CNT and PE 
showed less similarity (Fig. 2A). Immune gene ontology (GO) terms were enriched across the mature 
nephron, particularly in the pelvic epithelium, including ‘innate immune’ and ‘anti-microbial response’ 5 
genes (Figs. 2B, S10B). We verified this pattern of gene expression in bulk transcriptomic data, which 
similarly demonstrated highest expression of immune genes in the pelvis (Fig. S10C). In contrast, there 
was little or no expression of immune genes in fetal kidney epithelium (Fig. 2B).  
 
We hypothesized that these spatially distinct immune gene expression patterns may be related to the 10 
dominant infection threat in the post-natal renal tract, which occurs via bacteria ascending the ureter from 
the bladder, most commonly uropathogenic Escherichia coli (UPEC). UPEC-associated molecules such 
as flagellin are sensed by extracellular toll-like receptors (TLRs) (11). In mature kidneys, we observed 
higher expression of the flagellin receptor TLR5, and its down-stream signalling molecule MyD88, in the 
PE compared with the proximal nephron epithelium (Fig. S10D). Epithelial cells may directly contribute to 15 
organ defense by secreting antimicrobial peptides (AMPs). AMP expression was highest in the mature 
pelvic epithelium (Fig. 2B), including serum amyloid A1 (SAA1), which inhibits biofilm formation in UPEC 
(12), and Lipocalin 2 (LCN2), an iron chelator with bacteriostatic effects (13), the deficiency of which 
results in susceptibility to recurrent urinary tract infections (UTI) (14).  
 20 
To validate the differential expression and functional significance of these AMPs in kidney epithelium, we 
measured transcripts in bulk human kidney samples ex vivo, and demonstrated high expression of LCN2 
and SAA1 in medulla/pelvis samples that increased following the addition of UPEC (Fig. 2C). Similarly, in 
vivo in a murine model of pyelonephritis (3), Lcn2 and Saa1 were more highly expressed in the 
medulla/pelvis compared with cortex, and expression upregulated 24 hours following urethral challenge 25 
with UPEC (Fig. 2C).  Thus, the distinct expression patterns of AMPs in human kidney likely facilitate 
protective epithelial responses in the region most vulnerable to ascending bacterial infection. This 
zonated epithelial innate immune capability is acquired post-natally and was not evident in fetal kidney. 
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Analysis of the immune compartment in mature kidney identified, and delineated the defining markers of, 
resident MNP, neutrophil, mast, pDC, B, CD4 T, CD8 T, NK and NKT cell clusters (Figs. 3A, S11, Supp 
data 7, 8). Lymphocyte subsets expressed molecules associated with tissue-residency (15) (Fig. S12A) 
and a recently defined Hobit/Blimp1-containing murine resident-lymphocyte signature (16) (Fig. S12B), 5 
consistent with the conclusion that the mature human kidney houses bona-fide tissue-resident 
lymphocytes.  The B cell cluster included IgM, IgG and IgA-expressing cells (Fig. S12C).  Cytokine and 
transcription factor expression did not indicate any specific polarization of CD4 T cells (Fig. S12D). Within 
the NK cluster were cells with dual expression of	 g and d TCR, and markers typically associated 
with mucosal-associated invariant T cell (MAIT) (Fig. S12D). 10 
 
Within the myeloid compartment, we identified 4 distinct clusters of MNPs (Fig. 3B and S13A-D). MNPs 
comprise monocytes, macrophages and DCs with several subsets described based on surface markers, 
function and ontogeny (17); expression of CD11c, major histocompatibility complex (MHC) class II 
molecules and CD14 identifies monocyte-derived macrophages with an avid phagocytic capacity, whilst 15 
CD11c+/MHCII+/CD14- are classical myeloid DC (cDC) with the ability to migrate and present or cross-
present antigen to T cells (17, 18). cDC can be further subdivided into cDC1 that are CD141(THBD) + and 
XCR1+, and cDC2 that express CD1c. CD11c+/MHCII+/CD14+ macrophages, cDC1 and cDC2 have 
previously been described in the human kidney (3). In our scRNAseq dataset, all four MNP clusters 
expressed ITGAX (CD11c) and HLA-DRA (an MHCII gene), with the highest expression of MHCII in 20 
MNPc (Fig. 3C). Some cells in this cluster expressed CD1C, XCR1, CLEC9A and CD141 (THBD) (Fig. 
3C) indicating that it included cDC1 and cDC2 cells (Fig. S13E-F). MNPa and MNPd contained cells 
expressing CD14, whilst MNPb expressed CD16 (FCGR3A) (Fig. 3C). MNPa was transcriptionally similar 
to ‘classical’ monocytes, and MNPb to ‘non-classical’ monocytes (Fig. S13C-D), and both showed 
transcriptional overlap with intestinal macrophages (Fig. S13G), which are predominantly monocyte-25 
derived (19). MNPd showed little transcriptional similarity to circulating monocytes or monocyte-derived 
macrophages in intestine or skin (Fig. S13C-D, G) suggesting that these cells may have a different origin 
or that their transcriptome is re-programmed by the tissue environment. Of note, RUNX1, a TF used to 
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fate-map yolk sac-derived cells (20), was differentially expressed in MNPd (Fig. S13H), raising the 
possibility that they may populate the kidney pre-natally.  
 
Macrophages and cDCs are functionally distinguished by their capacity to phagocytose and destroy 
ingested material or to process and present antigen to CD4 T cells respectively. In mature kidneys, 5 
‘Antigen processing and presentation’ and ‘T cell co-stimulation’ were the top GO terms associated with 
MNPc (Fig. S13I), consistent with their identity as cDC. ‘Defense response to bacterium’ and ‘Neutrophil 
degranulation’ genes were expressed by monocyte-derived MNP subsets, MNPa and MNPb (Fig. S13I), 
including anti-microbial genes such as S100A8 and S100A9, IL1B and lysozyme (LYZ) (Fig. S13J). 
 10 
CD11c+MHCII+CD14+ MNPs in mature human kidney are enriched in inner regions of the kidney and 
specialized for defense against UPEC (3). However, in the current scRNAseq experiment two subsets of 
MNP were found to express CD14, MNPa and MNPd (Fig. 3C), with the single cell transcriptomes 
indicating functional diversity, with MNPa alone specialized in anti-bacterial activities (Fig. S13I). Using 
marker genes identified by our scRNAseq dataset (Table S6), we confirmed the presence of MNPa-d in 15 
adult kidney by flow cytometry (Fig. S14A-B) and compared the phagocytic capacity of MNPa and MNPd 
(Fig. S14B). MNPa demonstrated avid uptake of fluorescently labeled UPEC, in contrast to MNPd (Fig. 
3D), in keeping with the GO term analysis. 
 
In the fetal kidney, the lymphoid compartment contained CD4 T cells, with few CD8 T cells detectable (in 20 
contrast to the mature kidney), as well as B, NK, and innate lymphoid cells (Fig. 3E). There were several 
subsets of myeloid cells, including monocytes, two subsets of macrophages (MPhage1 and MPhage2), 
cDC1 and cDC2, pDCs and mast cells (Fig. 3E). We also observed proliferating counterparts of 
MPhage1, cDC2, monocytes, B cells and NK cells (Figs. 3E, S15). The MPhage 1 population showed 
transcriptional similarity to murine kidney F4/80high yolk sac-derived macrophages (21) (Fig. S16A). The 25 
MPhage 2 subset had transcriptional overlap with MPhage 1 but also expressed pro-inflammatory genes 
(Figs. 3C, E, S16B). MPhage 1, dominated the resident-immune cell population in fetal kidneys at 7-10 
PCW (Fig. 3F) but at later stages, MPhage 2 increased in number along with other immune cells (Fig. 
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3F). The emergence of MPhage 2 at later time-points may reflect a different origin, or increasing 
exposure of the same precursor cell to a pro-inflammatory stimulus. Fetal kidney DCs were predominantly 
cDC2 with few cDC1 (Fig. 3F), as observed in mature kidneys (Figs. 3B, S13E-F). The emergence of 
kidney CD4, CD8 T cells and B cells at >10 PCW mirrors the development of fetal thymus and spleen. 
 5 
To investigate the relationship between immune cell subsets in fetal and mature human kidney, we 
quantified their transcriptional similarity (Figs. S16C, S17A). MNPd was the only mature kidney MNP 
cluster with similarity to fetal kidney Mphage1 (S16C), and both clusters expressed MRC1, C1QC, 
CD163, and MAF (Figs. 3C, S16D). Trajectory analysis demonstrated a temporal progression of the 
MPhage1 transcriptome towards that of MNPd (Fig. S16F). Mature kidney MNPa and MNPb were highly 10 
transcriptionally similar to fetal kidney monocytes (Fig. 3C, S16C). 
 
We next asked how the transcriptome of kidney immune cells changed over developmental time. 
Previous studies indicate that fetal monocytes may be less ‘pro-inflammatory’ (22) and fetal DCs less 
effective at stimulating CD4 T cells than their mature counterparts (23). We found that fetal kidney 15 
monocytes were less enriched for ‘pro-inflammatory’ M1 gene expression than mature kidney MNPa and 
MNPb (Fig. 3G). Both fetal macrophage subsets, as well as MNPd in the mature kidney, were skewed 
towards an anti-inflammatory M2 transcriptome (Fig. 3G). Monocyte-derived macrophages in the mature 
kidney showed increased expression of ‘Phagocytosis’ and ‘Defense response to bacterium’ genes 
compared with fetal monocytes (Fig. S16G). Similarly, ‘antigen processing and presentation’ genes and 20 
HLA-DRA were more highly expressed in mature kidney DCs compared with those in the fetus (Figs. 3C, 
S16G, F). In the lymphoid compartment, fetal kidney B cells showed no evidence of class switching (in 
contrast to their mature counterparts) (Fig. S17B), whilst fetal CD8 T cells expressed little GZMH, a 
cytotoxic effector molecule (Fig. S17B). Functionally, fetal kidney CD8 T cells and NK cells showed 
reduced enrichment for ‘T cell receptor signalling’ and ‘NK cell mediated immunity’ relative to mature 25 
kidney CD8 and NK cells respectively (Fig. S17C). 
 
Epithelial and endothelial cells can communicate with immune cells via chemokines that orchestrate 
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immune cell position, and cytokines that promote immune cell function. To investigate epithelial-immune 
cross-talk in the kidney, we assessed chemokine ligand-receptor interactions (Figs. 4A and Fig S18A) 
(24). CX3CL1 was expressed in CNT and PE, and its receptor CX3CR1 on monocyte-derived 
macrophages (MNPa-b) and DCs. Analysis of bulk RNA sequencing data demonstrated two peaks of 
CX3CL1 expression across kidney pseudodepth, in keeping with the single cell analysis (Fig. 4A, S18B). 5 
Using a CX3CL1 reporter mouse, we confirmed high expression of CX3CL1 protein in the kidney pelvis, 
with the potential to position CX3CR1-expressing MNPs (Fig. S18C). Analysis of CX3CR1 expression 
across kidney pseudodepth similarly showed some transcripts in the cortex, but greatest expression in 
the deeper regions of the kidney (Fig. S18B). Given the marked bacterial phagocytic capacity of MNPa 
(Fig. 3D), this pattern of chemokine expression would place them in a pelvic position to combat 10 
ascending UPEC. Notably, MNPd showed little expression of CX3CR1, and in human kidney sections 
there were few CD206/163 positive cells in the medulla and pelvis compared to the cortex (Fig. S18D). 
The ligand-receptor analysis also highlighted interactions between PE and neutrophils via expression of 
CXCL1-3, CXCL5-6 and CXCL8 and their receptors on neutrophils (Fig. 4A). We validated this, 
demonstrating that CK17 (KRT17)+ cells (a marker of PE) in human kidney pelvis express CXCL8 and 15 
LCN2 (Fig. 4B, S19A). This finding is clinically important since genetic variants of CXCL8 and CXCR1 
are associated with susceptibility to pyelonephritis in humans (25). To determine if this epithelial-immune 
cross-talk may promote neutrophil recruitment to the pelvis during UTI, samples of human kidney were 
incubated with UPEC. At baseline, CXCL8 levels were significantly higher in the medulla/pelvis samples 
compared with the cortex (Fig. 4C), with a marked increase observed following UPEC challenge (Fig. 20 
4C). Similarly, in vivo, in a mouse model of pyelonephritis, Cxcl1 and Cxcl2 (murine orthologues of human 
CXCL8) were higher in the medulla/pelvis samples and in PE at baseline and further increased during 
infection (Fig. 4C, S19B). The functional importance of this response to promote neutrophil chemotaxis 
during infection was evident by the accumulation of LysMhigh/CD11b+ neutrophils in the PE (Fig. 4D, 
S19C). Overall, expression of neutrophil-recruiting chemokines was highest in PE, with some expression 25 
of CXCL2/CXCL3 in principal cells, in line with previous murine studies (26). In the fetal kidney, there was 
little expression of any neutrophil-recruiting chemokine in the distal nephron and PE (Fig. 4E). 
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Here we investigated immune capability in the human kidney and determined how it changes over 
developmental time and anatomical space. We found that anti-microbial immunity is spatially zonated but 
this feature was not evident pre-natally. Fetal kidney epithelium showed little immune gene expression, in 
line with the view that it occupies a relatively sterile environment, where anatomically polarized anti-
microbial defense is redundant. We show that a variety of immune cell populations are established in the 5 
human kidney in the first trimester with distinct temporal patterns, but they differ from mature kidney 
immune cells, with post-natal acquisition of transcriptional programmes that promote pro-inflammatory 
and infection defense capabilities. The mature kidney MNP compartment was dominated by two 
monocyte-derived macrophage populations, specialised for anti-bacterial function, but also contained a 
smaller M2-enriched macrophage population that was transcriptionally similar to fetal kidney 10 
macrophages, potentially indicating pre-natal seeding, consistent with mouse studies (21). 
 
In summary, our study provides a comprehensive description of immune topology in the human kidney, 
providing a resource, which adds to the recently published murine kidney dataset (27), to facilitate the 
future study of pathogenic mechanisms and the identification of therapeutic targets in immune and 15 
infectious kidney diseases.  
 
 
 
 20 
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